We have performed an electroabsorption spectroscopy of Ge/Si self-assembled islands simultaneously in the near-infrared and in the midinfrared spectral range. The investigated structure consists of self-assembled Ge/Si islands embedded in a p-i-n junction. This active region is inserted into a 3-m-thick Si 0.98 Ge 0.02 waveguiding layer. Under a positive applied bias, the injected carriers give rise to a current-induced absorption resonant at 185 meV along with an enhanced transmission around 800 meV. The 185-meV resonance is polarized along the growth axis of the islands. The assignment of the optical transitions is made on the basis of a 14-band quantum well k·p calculation. We show that the midinfrared electroabsorption of the islands is associated with a bound-to-continuum transition between the ground states and the wetting layer states. The enhancement of the transmission is correlated to the bleaching of the interband absorption which results from hole injection in the islands. The carrier density and the parameters governing the carrier dynamics in the islands are deduced from the midinfrared modulation amplitude. An Auger recombination coefficient in the islands, C = 1.6ϫ 10 −30 cm 6 s −1 , is deduced at room temperature.
I. INTRODUCTION
Self-assembled islands can be epitaxially grown by depositing pure Ge layers on a silicon substrate.
1 The StranskiKrastanow growth mode leads to the formation of islands with different sizes and shapes including pyramidal and dome-shaped geometries.
2 After silicon capping, the islands sitting above a two-dimensional wetting layer exhibit a rich Ge composition. 3, 4 This large Ge content leads to two distinct features: ͑i͒ the islands are characterized by optically active transitions both in absorption and emission in the near-infrared spectral range around 1.5 m, 5 and ͑ii͒ a large band offset appears in the valence band between the islands and the silicon barrier thus allowing the observation of intraband transitions in the midinfrared spectral range. 6, 7 These interband and intraband optical transitions of Ge/Si islands can be used for the development of optoelectronic or photonic devices that can operate in the near-infrared and in the midinfrared spectral range. Meanwhile the careful analysis of these optical transitions and their polarization selection rules can provide valuable information on the carrier confinement in the islands and on the carrier dynamics. These informations can be obtained by using structures under optical or electrical carrier injection. 8, 9 In this article, we investigate simultaneously both interband and intraband optical processes in Ge/Si self-assembled islands by electroabsorption spectroscopy. The electroabsorption experiments are performed in a waveguide geometry. In the near-infrared spectral range, the carrier injection leads to an enhanced transmission associated with the bleaching of the interband absorption. In the midinfrared spectral range, the electroabsorption is characterized by a resonant absorption around 185 meV that is polarized along the growth axis of the islands. We show that the optical properties of the islands can be described by a 14-band quantum well k·p calculation. The 185-meV resonance is associated with a bound-to-continuum intraband transition between the island's lowest lying states and the continuum of states of the wetting layer subband. The amplitude of this current-induced absorption as a function of the current density allows the measurement of the extrinsic and Auger-related recombination rates in the islands. We show that the carrier density in the Ge/Si islands is limited by Auger-related recombination mechanisms at high current densities and we provide a measurement of the Auger recombination coefficient at room temperature.
The article is organized as follows. The experimental details are given in Sec. II. The current-induced modulation of the interband and intraband absorptions are described in Sec. III. Section IV discusses the origin of the absorption, as deduced from a 14-band k·p calculation. The carrier density and the capture time of the carriers is finally discussed in Sec. V.
II. EXPERIMENTAL DETAILS
The investigated sample was grown by chemical-vapor deposition on a 200-mm Si ͑001͒-oriented substrate. 10 The deposition temperature was 700°C and the total pressure was around 100 Torr. Silane and germane diluted in hydrogen were used as gas precursors. Pure germanium was deposited to induce the nucleation of the self-assembled islands. The self-assembled layers were grown in a p-i-n junction embedded in a midinfrared waveguide. Figure 1 shows a schematic diagram of the investigated sample. −3 as compared to silicon, allows the waveguiding of the light injected through the cleaved facet.
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The samples were processed into ridge waveguides with a width of 100 m and a length of 4 mm. Ohmic contacts were obtained by depositing Ti/Au alloys. The electroabsorption measurements were performed at room temperature using a step-scan Fourier-transform infrared spectrometer coupled to an infrared microscope. The spectrometer can be used either with a glow bar source and a midinfrared beam splitter or with a halogen lamp and a near-infrared beam splitter. The light was coupled and collected into the waveguide with the ϫ15 Cassegrain optics of the microscope. The sample was either forward or reverse biased at a frequency of 5 kHz. The modulated transmission of the sample was filtered with a lock-in amplifier before the Fourier transform.
A cross-section transmission electron microscopy image of the first layers of the islands is reported in Ref. 12 . A vertical correlation between the successive layers is observed because of the strain field of the buried layers. Separate images show that an oblique stacking occurs for some island columns after the deposition of multiple layers. 13 The thickness of the silicon capping layer is not sufficient to flatten the surface above a deposited layer, thus leading to an undulated growth. While the islands in the first layers exhibit a domeshaped geometry, the geometry of the upper layers evolves into a "boomerang" shape. The typical island height is around 20 nm and the lateral size of the first layers is around 80 nm. We note that since the island height is large, the quantum confinement along the z growth axis and its fluctuation associated with the vertical inhomogeneity in the island stack remains weak. The island density is around 3 ϫ 10 9 cm −2 , as estimated from separate atomic force microscopy measurements. A key feature characterizing the buried islands is their Ge content and their strain distribution. These parameters depend obviously on the deposition processes and on the capping procedure. It has been shown that a high growth temperature enhances the intermixing of uncapped islands deposited by chemical-vapor deposition.
14 Interdiffusion induced by a strain-driven alloying mechanism exists even for freestanding Ge/Si islands. 15 The capping of the islands by silicon leads to a significant material and strain redistribution. 3, 4 We have shown in a previous publication that the Ge content of buried islands grown at 650 and 550°C by chemical-vapor deposition was around 50%. 3 In the following, we will consider a 50% Ge content as a characteristic value for the buried islands and we assume in the calculation a tetragonal distortion of the SiGe alloy. Photoluminescence of Ge islands with a 50% Ge content is expected to be maximum around 0.8 eV, 16 as experimentally observed. Figure 2 shows a typical current-induced absorption spectrum measured at room temperature under a forward applied bias. The signal-to-noise ratio is weak at high energy because of the cutoff of the midinfrared beam splitter, glow bar source, and detector. The spectrum is not corrected for the spectral response of the source, beam splitter, and detector. Only the phase correction recorded for the background spectrum without the sample is used. The simultaneous measurement of the electromodulation in the midinfrared and in the near-infrared spectral range highlights two distinct features. Two resonances with opposite signs can be observed at 185 and 800 meV. The low-energy resonance at 185 meV is associated with a decrease of transmission while the highenergy resonance corresponds to an increase of transmission. As will be shown below, these resonances correspond to both intraband and interband optical processes. The spectral dependence of the near-infrared resonance as a function of the injected current is shown in Fig. 3͑a͒ . The spectra are normalized by the transmission of the source through the sample. Under a reverse applied bias, the electromodulated signal corresponds to an absorption while under a forward applied bias, the electromodulated signal corresponds to an increase of transmission, i.e., a bleaching of the absorption. The increased transmission has an onset around 0.7 eV with a maximum around 0.8 eV and a broadening ͑full width at half maximum͒ of 150 meV. Figure 3͑b͒ shows a comparison between the electromodulation and the interband absorption measured with the same sample. 10 The onset of the absorption is close to the onset of the electromodulation. We thus associate this electromodulation with the self-assembled islands. The amplitude of the modulation depends on the carrier filling of the islands. No broadening or spectral shift of the resonance is observed as the current density increases. The amplitude of the absorption modulation is much weaker in reverse bias as compared to in forward bias and rapidly saturates. The increase of absorption at reverse applied bias indicates the existence of a residual p doping in the islands, the reverse applied bias leading to hole depletion. 9 Under forward bias, the absorption modulation reaches 0.6% at 1.5 m after a 4-mm propagation through the waveguide. Figure 4 shows the electroabsorption in the midinfrared spectral range as a function of the current density. A strong resonance superimposed on a monotonously increasing background towards low energy is observed at 185 meV. The resonance has a linewidth of 50 meV. No spectral shift and broadening of the resonance are observed as the current density increases. As observed for the interband absorption, a reverse applied bias leads to hole depletion in the islands and thus to an increase of the transmission ͑not shown͒. The resonance energy of 185 meV corresponds to the energy difference between the no-phonon radiative recombination of the wetting layer ͑1 eV at low temperature͒ and the energy of the photoluminescence of the self-assembled islands ͑810 meV at resonance at low temperature͒. 10 This resonance is thus attributed to the hole intraband absorption between the island's lowest lying ground states to the wetting layer subband. Note that the photoluminescence measurements were performed at low temperature. The energy difference between the wetting layer and the island ground state is not expected to vary significantly with temperature. This assignment is further supported by the 14-band k·p calculation presented below. The absorption is strongly transversemagnetic ͑TM͒ polarized, i.e., the polarization of the absorption is along the growth axis. 12 This strong TM polarization is consistent with a charge displacement along the z growth axis from islands to wetting layers. The resonant absorption amplitude obtained after propagation along the 4-mm waveguide and after base line subtraction reaches 1.2% in TM polarization for a 21 A cm −2 current density. We note that we can rule out transitions from the wetting layer states to be at the origin of the 185-meV resonance since the population of the wetting layers at room temperature is not significant as compared to the population of the islands.
III. CURRENT-INDUCED MODULATION OF THE INTERBAND AND INTRABAND ABSORPTIONS

IV. ORIGIN OF THE ABSORPTION
The height of the self-assembled islands is much smaller than their lateral dimensions. A first estimation of their electronic structure can be obtained by only considering the confinement along the z direction, i.e., neglecting the confinement in the layer plane. We have thus modeled the eigenstates and the infrared absorption of the islands in the framework of a 14-band quantum well k·p theory. This formalism accounts for the ⌫ 7 + and ⌫ 8 + valence bands and for the ⌫ 6 − , ⌫ 8 − ͑p-like͒, and ⌫ 7 − ͑s-like͒ conduction bands. 17 The use of a 14-band Hamiltonian is justified by the fact that the matrix elements E p and E px between the valence bands and the s-like and p-like conduction bands are of the same order of magnitude in Si or Si 1−x Ge x , alloys and because the p-like conduction band is lower in energy than the s-like conduction band. 18 The parameters used in the calculation are re- Table I We have chosen to model the optical properties of the islands with a two-dimensional 14-band formalism instead of a three-dimensional calculation in the effective mass approximation. 19 This choice is justified by the island height and by the fact that we want to calculate the matrix elements of the intraband optical transitions taking into account the band mixing. The average composition of the islands was taken to be equal to 50% Ge, as deduced by electron-diffraction measurements on single islands. 3 As the germanium content and composition profile are not known exactly for these structures, a biaxial strain equivalent to that of a two-dimensional layer was considered. 3 We have neglected in the calculation the strain variation within the islands and the vertical inhomogeneity in the island stack. The partial strain-induced deformation of the silicon surrounding the islands has also been neglected. The parameters used for the strained Hamiltonian can be found in Ref. 20 . A 350-meV heavy-hole valence-band offset for a strained Si 0.5 Ge 0.5 layer on silicon is assumed. 7, 20 The islands are approximated as 20-nm-thick SiGe layers deposited on a 1.3-nm-thick SiGe 50% layer representing the wetting layer. A threedimensional calculation of the electronic structure shows that the confined states in the islands become delocalized in the wetting layer for energies just beneath the energy of the first confined subband of the wetting layer. 19 The wave function of these states become "quantum-well-like" for energies close to the wetting layer subband. It is thus legitimate to approximate this continuum of states by the subband of the two-dimensional wetting layer. Note that midinfrared spatially direct optical transitions between quantum dot ground states to two-dimensional wetting layer states have been experimentally evidenced in Refs. 21 and 22. The electronic spectrum of the wetting layer is calculated independently of the electronic spectrum of the islands. The intersubband dipole matrix elements are obtained within the 14-band k·p formalism in the dipolar approximation and using the calculated wave functions for the islands and the wetting layer. The calculation principle of the dipole matrix elements is given in the Appendix. A detailed comparison between the 14-band and the 6-band k·p formalism which only describes the valence band can be found in Ref. 23 . It is, in particular, shown that a 6-band calculation can overestimate by a factor of 2 the amplitude of the intersubband absorption. Figure 5͑a͒ shows the in-plane subband dispersion diagram along the ͓110͔ direction for the 1.3-nm-thick wetting layer and for the 20-nm-thick SiGe layer ͓Fig. 5͑b͔͒. The origin of energy is taken at the silicon heavy-hole valenceband edge. Only the first confined subbands are reported in the diagram. In the case of the wetting layer, only two subbands, the heavy-hole HH 1 , and the light-hole LH 1 , are confined. The heavy-hole subband is found at l63 meV from the band edge, in agreement with photoluminescence measurements. The energy splitting between HH 1 and LH 1 is 63 meV. The number of confined states is much larger for the large well, i.e., in the islands. Thicknesses of 20 and 1.3 nm lead to an energy difference of 185 meV between the heavyhole subband HH 1 of the large well and the heavy-hole subband of the small well, which corresponds closely to the energy difference experimentally observed. Figure 6 shows a schematic diagram of the potential structure along the z growth axis for the wetting layer and the SiGe island. TABLE I. Parameters used in the 14-band structure calculation. ␥ 1 , ␥ 2 , and ␥ 3 are the Luttinger-like parameters. E p and E px are the optical matrix elements, E g is the energy gap, and E gc is the offset between ⌫ 7 − and ⌫ 8 − . ⌬ and ⌬ c are the spin-orbit couplings of the valence band and the conduction band ͑after Refs. 7 and 17͒. The calculated spectral dependence of the absorption in TM polarization is shown in Fig. 7 . The calculation was performed for a two-dimensional carrier density of 7 ϫ 10 10 cm −2 . In the midinfrared above l00 meV, the absorption is dominated by a resonance around 185 meV which is strongly TM polarized. This transition corresponds to a spatially direct transition. In TM polarization, an additional resonance is observed at 120 meV, along with much stronger resonances at lower energy. Figure 7 also shows a comparison between the transverse-electric ͑TE͒-polarized and the TM-polarized absorption spectra. As experimentally observed, the TE-polarized absorption does not exhibit any resonance around 200 meV. The broadening of the calculated absorption is 40 meV and mainly results from the value of homogeneous broadening introduced in the calculation. The inhomogeneous broadening of the dots induced by the size and the composition fluctuations is not taken into account. The comparison between the calculation and the experimental electroabsorption spectra shows that the intraband absorption properties of the islands are correctly described by using the quantum well approximation. Figure 8 shows the dependence of the dipole matrix element for the absorption at 185 meV for TM and TE polarizations as a function of the in-plane wave vector. At the center of the Brillouin zone, the dipole matrix element is along the z direction. As the wave vector increases, a TEpolarized component is observed. However, the absorption remains strongly TM polarized even at large carrier densities, as experimentally observed. At room temperature, a wave vector k ʈ = 0.1 nm −1 corresponds to a bidimensional carrier density of 7.6ϫ 10 11 cm −2 .
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V. CARRIER DENSITY AND RECOMBINATION KINETICS
As shown in Fig. 8 , the dipole matrix elements associated with the intersubband transitions were obtained from the calculation. At low carrier densities, the absorption can be described by the product of the carrier density times the absorption cross section. An absorption cross section =7 ϫ 10 −17 cm 2 is deduced for the resonance at 185 meV from the calculation of the matrix elements. The hole population of the islands under forward bias can thus be deduced from the amplitude of the electroabsorption. Figure 9 shows the dependence of the electroabsorption modulation as a function of the injected current density. A sublinear dependence is observed for the modulation amplitude. It indicates that the carrier density trapped in the islands saturates as the current density increases. A similar saturation was already reported in current-induced intersubband absorption in GaAs/GaAlAs quantum wells. 24 The bound-to-continuum intersubband modulation amplitude at resonance is proportional to the absorption cross section as calculated with the 14-band k·p formalism times the carrier density, the waveguide length, and the overlap factor between the island layers and the propagating mode. In TM polarization and at 2.5-m wavelength, a factor of 1.5ϫ 10 −4 was estimated for the overlap of the first confined optical mode and the island layers. In the following, we have used this value to calculate the carrier density trapped in the islands. At room temperature, the estimation of the carrier concentration n trapped in the islands accounts for the injected carrier density for the nonradiative recombination mechanisms which are proportional to n and for the radiative recombination proportional to n 2 . Nonradiative band-to-band Auger-related recombination mechanisms are proportional to n 3 and involve either electron-electron-hole processes or electron-hole-hole processes. The carrier density trapped in the islands is given under a steady-state regime and high injection levels by Eq. ͑1͒:
where I is the injected current, e the electronic charge, S the area of the device cross section, and d the thickness where the carrier recombination occurs. A is an extrinsic parameter and corresponds to the monomolecular recombination coefficient while B corresponds to the bimolecular recombination coefficient. B is an intrinsic parameter characteristic of the radiative recombination in these indirect band-gap semiconductors. The value of B͑2 ϫ 10 −14 cm 3 s −1 ͒ was deduced from the calculated recombination rate in Ge. 26 Equation ͑1͒ assumes that the recombination dynamics is governed by the carrier trapping in the islands and that the number of injected carriers in the islands is given by the current density. It does not account for the transfer of carriers between the barriers and the islands. We note that at room temperature only the radiative recombination in the islands is observed by electroluminescence. We emphasize that Eq. ͑1͒ assumes a uniform distribution of the carriers within the Ge layers and that the main source of recombination occurs in the islands, i.e., not in other regions outside the multiple layers of islands. The estimation of the Auger recombination coefficient as described below is dependent on this assumption.
We have fitted the island carrier density deduced from the intraband absorption following Eq. ͑1͒ by varying parameters A and C. We note that a satisfying agreement cannot be obtained without accounting for the Auger mechanism. Without this term, a bimolecular recombination coefficient more than two orders of magnitude larger than the theoretical value would be obtained. At high injected current densities, an equivalent three-dimensional carrier density in the island layers is 3 ϫ 10 18 cm −3 . A monomolecular recombination coefficient A −1 ϳ 0.2 s is obtained from the measurements in the low-excitation regime. An Auger recombination coefficient C = 1.6ϫ 10 −30 cm 6 s −1 is deduced from the numerical fitting at high excitation densities. The radiative recombination in the islands has only a weak contribution as compared to Auger processes. The Auger recombination coefficient associated with the islands has to be compared with the values reported in silicon. At room temperature, Auger coefficients in the range of ͑1-3͒ ϫ 10 −31 cm 6 s −1 were measured in highly doped and highly excited silicon. 27 Hangleiter and Häcker have shown by a quantitative calculation that electron-hole correlations lead to an enhancement of bandto-band Auger recombination. 28 This enhanced Auger recombination is even more pronounced at low carrier densities with an enhancement factor reaching a factor of 30 at room temperature in silicon. In self-assembled islands, one expects the carrier localization to lead to enhanced Coulomb correlations. The Auger recombination coefficient C = 1.6 ϫ 10 −30 cm 6 s −1 in the islands indicates an enhancement of the Auger coefficient as compared to the value reported for bulk silicon at high excitation densities. This value is also larger than the Auger recombination parameter ͑8 ϫ 10 −31 cm 6 s −1 ͒ estimated from electroluminescence spectra of Si 0.8 Ge 0.2 layers. 29 We note that these parameters give also a satisfying agreement for the dependence of the modulation amplitude in the near infrared as a function of the current density. The midinfrared measurements thus provides an indirect measurement of the carrier dynamics at room temperature in the self-assembled islands.
VI. CONCLUSION
In conclusion, we have simultaneously investigated the interband and the intraband absorption properties of Ge/Si self-assembled islands under current injection. The carrier trapping in the islands leads to a bleaching of the interband absorption and to an intraband absorption between the island's lowest lying states and the wetting layer ground subband. The carrier filling and the island hole population were monitored by the amplitude of the intraband absorption. The assignment of the optical transitions was supported by a 14-band quantum well k·p calculation. The z-polarized highenergy intraband absorption was attributed to a transition from the island ground state to the two-dimensional wetting layer states. We have shown that the filling of the islands is limited at high current injection by an Auger-related mechanism. At room temperature, an Auger recombination coefficient in the islands, C = 1.6ϫ 10 −30 cm 6 s −1 , was deduced from the midinfrared absorption modulation amplitude.
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APPENDIX: DIPOLE MATRIX ELEMENTS
The wetting layer and the islands are approximated by quantum wells with thicknesses along the z direction of 1.3 and 5 nm, respectively. The origin of the lower potential barrier of both quantum wells is taken at z = 0. The calculation of the dipolar matrix element is obtained as follows. The momentum matrix element between an initial i state and a final f state is given by the expression 23
where is a unit vector parallel to the light polarization. As the dipole operator is related to the momentum operator, the dipolar matrix element is given for an in-plane wavevector k ʈ by
The term ប i,f is the energy difference between the initial and the final state. The computation of the dipole ͑͒ i,f is made by using the scalar product ١ k H k . The details of the projection of the matrix on the 14-band basis can be found in Ref. 23 .
